Abstract There is a high incidence of diuretic use among patients who develop exaggerated QT prolongation and polymorphic ventricular tachycardia (torsade de pointes) during treatment with action potential-prolonging agents. Diureticinduced hypokalemia is thought to be the usual mechanism, but a direct effect of diuretic drugs on repolarizing currents is an additional possibility. Therefore, in this study, we examined the effects of the diuretic agents chlorthalidone and indapamide on the cardiac delayed rectifier current. In guinea pig ventricular myocytes, this current is made up of two components: 1Kr, a rapidly activating, inwardly rectifying current blocked by most action potential-prolonging antiarrhythmics, and IKC, a slowly activating component. In this preparation, indapamide blocked outward current in a time-, voltage-and concentration-dependent fashion, whereas chlorthalidone (1 mmol/L) was without effect. The following features of the effect of indapamide strongly suggest selective block of IK,: (1) Indapamide block was significantly greater with 5000-millisec-S elective prolongation of cardiac repolarization was proposed as a mechanism of antiarrhythmic drug action over 20 years ago.' This "class III" action has become a major focus in antiarrhythmic drug development, because of the perceived liabilities of Na+ channel blockers2,3 and the theoretical advantages of class III therapy.4 1 Compounds that selectively prolong cardiac repolarization, unlike Na' channel blockers, improve survival in an animal model of ischemic ventricular fibrillation,4-6 facilitate ventricular defibrillation,7 and may augment cardiac contractility.8 However, in clinical trials, the action potential prolongation produced by antiarrhythmic drugs can also be associated with polymorphic ventricular tachycardia, the torsade de pointes syndrome.9-12 Available information indicates that this side effect is facilitated by slow heart rates and electrolyte disturbances, most commonly hypokalemia and/or hypomagnesemia. The latter are often provoked by concomitant therapy with K'-wasting diuretics.'0,'2,13
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Rod-shaped cells with clear cross striations and resting potentials more negative than -80 mV were studied. After the assessment of membrane currents in the absence of drug (for at least 7.5 minutes), the perfusate was changed to one containing various concentrations of indapamide or chlorthalidone. Data were collected in the subsequent 10 to 15 minutes (10 bath volumes), and baseline external solution was restarted to assess the reversal of drug effects. Holding potentials of -40 mV were used to inactivate Na+ (and T-type Ca2') currents, and the extracellular solution contained Cd2`to block L-type Ca2' currents. In a series of experiments designed specifically to further separate 'Kr and IK, nisoldipine (0.2 ,mol/L) was used instead of Cd2', because Cd2`has been reported to shift IKr activation to more positive potentials27 (where it may overlap with that of IKS). In addition, in the latter experiments, Ca2' was removed from the extracellular solution to shift IK, activation to positive potentials. 28 
Xenopus Oocytes
Some experiments were also performed with minK expressed in Xenopus oocytes by using methods similar to those previously described.29 Frogs (Xenopus laevis) were purchased from Xenopus 1, Ann Arbor, Mich. Oocytes were defolliculated in preparation for RNA injection and electrical recording by exposure to collagenase (1 mg/mL, Worthington, type II) for 1 to 2 hours. Subsequently, the oocytes were maintained at room temperature (20°C to 22°C) before and after cytoplasmic injection of cRNA. The minK cDNA was kindly supplied by Rick Swanson (Merck Research Laboratories), and in vitro cRNA was prepared as described previously.29 Batches of in vitro-transcribed cRNA were diluted with RNase-free water to obtain a concentration that, on injection into oocytes, gave expressed currents of <10 ,uA at +50 mV. After injection of rr-40 nL (2 to 40 ng) of 5' capped cRNA, the oocytes were kept for 2 to 6 days at room temperature and periodically tested for expression of IK by two-electrode voltage clamp. Voltageclamp methods used a standard two-microelectrode arrangement30-32 and were similar to those described previously29 except that a voltage-clamp amplifier (Clampator, Dagan) was used. In each batch of oocytes injected with channel cRNA, control oocytes were injected with RNase-free water and subsequently voltage-clamped to ensure that there were no endogenous ionic currents. If significant endogenous current was seen, then all the oocytes in the batch were discarded. The bath solution (ND-96) contained (mmol/L) NaCl 96, KCl 1, CaCl2 1.8, MgCl2 1, and HEPES 5. pH was adjusted to 7.50 at 22°C with NaOH. The holding potential was -80 mV; between -120 and -80 mV, only linear leak current was observed, and linear least-squares fits to these data were used for passive leak correction. Depolarizing pulses (duration, 10 seconds) were delivered every 45 seconds.
Data Analysis
The magnitude of activating current was determined by subtracting current measured after the capacitative transient from that at the end of the test pulse. (Fig 3) . Tail current amplitude measured during superfusion with chlorthalidone at concentrations of 0.2 to 1.0 mmol/L was 101+8% of control after pulses to +10 mV and 105±7% after pulses to +30 mV (n=8).
As shown in Fig 4, ItaiI/Iactivating ratio with short pulses rather than the increase in the ratio with long pulses seen with indapamide. Fig 11 shows the inward rectification of activating current and saturation of current tails of the indapamide-resistant current: these tracings strongly resemble the described behavior of Kr,'18 with the voltage dependence of activating current shifted to negative potentials because of the experimental conditions used here. Thus, the time and voltage dependence of block, the envelope-of-tails test, and the characteristics of the indapamide-resistant current all argue that indapamide is acting primarily as a blocker of IK in this system. When biexponential functions were fit to deactivating tails, 100 ,umol/L indapamide did not alter deactivation kinetics (Fig 12) . There was also no significant difference between the extent of reduction of the corresponding amplitude terms. Indapamide also did not alter IKI, assessed by using ramp pulse protocols from -100 to 0 mV (Fig 13) .
Discussion
In the present study, we have shown that indapamide, a sulfonamide diuretic with potent antihypertensive effects, markedly decreased outward currents in isolated guinea pig ventricular myocytes. The effects of indapamide were time and voltage dependent and reversible after removal of the drug, even when a near maximal effect was achieved at high drug concentrations, 1 mmol/L. In contrast, chlorthalidone had no effect on outward currents. We believe that the data presented here are most compatible with predominant block of IK, by indapamide. Block of outward current was more prominent during long rather than short pulses at positive potentials (Fig 4) . This is in contrast to drugs such as E4031 and dofetilide, which are thought to block lKr exclusively18'20 and whose effects are therefore proportionately greater during short compared with long pulses. In fact, IKr has been defined as an E4031-sensitive current.'8 Moreover, the voltage dependence of block (Figs 5, 6 , and 9), the slow time course of indapamide-sensitive current (Figs 7 and 8) , the characteristics of the indapamide-resistant current (Fig 11) , and the envelope-of-tails evaluation (Fig 10) all argue for a far greater effect of indapamide on IK, than lKr.
The envelope-of-tails test in the absence of drug resembles those reported previously, with disproportionately larger tail currents after short pulses.18 When an IKr blocker is applied, this larger ratio with short pulses decreases, whereas ratios observed after long pulses are unchanged. In contrast, when indapamide was added, the major change in the envelope-of-tails test was an increase in the tail current to the activating pulse ratio with longer pulses. The envelope-of-tails data show a complex effect with short pulses in the presence of indapamide. However, under these conditions, both activating and tail currents are very small, so some of the apparent variability of the effect may reflect amplication of experimental errors by use of the ratio technique.
When minK, the cDNA thought to encode IK,, was expressed in Xenopus oocytes (Fig 8) 
indapamide (M)
The data presented here cannot distinguish between these possibilities. We have previously evaluated the time and voltage dependence of quinidine and of amiodarone block of outward current in guinea pig myocytes. 23 Quinidine had a greater effect at short pulses than at long pulses, suggesting a greater effect on 'Kr than IK,, whereas other studies did demonstrate block of IKS by quinidine. 23 In contrast, amiodarone produced an effect similar to that observed with indapamide, blocking outward current more with long than with short pulses. 23 We also found that quinidine block of current activated during a long pulse at a given depolarizing potential was less than block of the subsequent deactivating tail from that potential. In contrast, there was no difference in activating versus deactivating block for amiodarone. The mechanism underlying these findings is not known, but we speculated that increasing block of outward current during repolarization might exaggerate any tendency for repolarizationrelated arrhythmias and might contribute to the relatively low incidence of torsade de pointes during amiodarone therapy. As shown in Fig 6, indapamide block was actually diminished or unchanged with repolarization to deactivating potentials, resembling that produced by amiodarone. Amiodarone is so highly lipophilic that it probably inhibits channel function by interactions in the lipid membrane, and one interpretation of the data presented here is that indapamide acts by a similar mechanism. Interestingly, previous studies have pointed out that chlorthalidone is far more hydrophilic than indapamide,37 a finding that may help explain the lack of the effects of chlorthalidone in these studies.
However, some features of the effect of indapamide are consistent with quinidine-like block of open channels. For example, block was greater with long pulses than with short ones (Fig 4) , and block was (in contrast to that produced by amiodarone23) voltage dependent and greater at positive potentials (Fig 6) . The voltage dependence of lK block by quinidine has been attributed to block by the charged form of the drug at the inner surface of the channel protein. 38 The tail "crossover" observed with quinidine block of IEJ3 and of Kv1.5,38 and with flecainide block of 'Kr,9'39 has been interpreted as evidence of open-channel block. Indapamide produced no crossover (Fig 4) , but it did appear to slightly, although insignificantly, slow deactivation (Fig 11) . A crossover would be expected only if drug unblocking (at the drug concentration and clamp protocol studied) occurred at a rate comparable to current deactivation. Hence, the absence of a crossover in these experiments does not rule out open-channel block. Under some conditions, drug block can be shown to be voltage dependent at potentials where the channel in question is fully activated; this allows an estimate of an electrical distance at which drug binding may occur.38 However, IK was not fully activated even with long pulses at positive potentials (eg, Figs 4, 5, and 7) . Thus, we can conclude only that channel activation appears to promote drug block, but we cannot determine if drug block remained voltage dependent when IK was fully activated.
Half-maximal block of IKS was observed at an indapamide concentration of =100 gmol/L. This concentration is almost two orders of magnitude greater than plasma concentrations measured during chronic anti- 
